Introduction beled cells can be readily observed, due to the expression of a marker gene; and second, the inserted retroviral The developing cerebellum contains two distinct prolifgenes become heritable markers, so that one can trace erative zones from which cerebellar cortical neurons are the fates of infected cells.
derived. Progenitors of Purkinje cells arise in the primary
To clarify the origin and to define the sequence of germinal zone, the ependymal layer in the roof of the events in the development of the interneurons in the fourth ventricle, and migrate radially through the deep cerebellar cortex, we have used a BAG retrovirus to cerebellar structures late in gestation (Uzman, 1960; Mi- label dividing cells in the deep cerebellar tissue or the ale and Altman and Bayer, 1978) . Granule EGL of postnatal day 4/5 (P4/5) rat pups. The distribution cells arise from the second germinal zone, the external pattern and the morphological changes of the labeled granule layer (EGL), which lies just beneath the pial surcells at 2, 5, and 20 days postinjection (dpi) were examface, covering the cerebellar folia. Granule cell progeniined and compared. We demonstrate that the interneurtors migrate inward through the molecular layer (ML) ons in the cerebellar cortex are not derived from the into the internal granule cell layer (IGL) during early post-EGL as traditionally assumed, but come from dividing natal life (Jacobson, 1991; Ramon y Cajal, 1995) . In conprogenitors in the early postnatal cerebellar WM. These trast to these well-described pathways for Purkinje and progenitors migrate through the WM into the cortex begranule cell development, the genesis of the interneufore they show any morphological signs of differentiarons of the cerebellar cortex has been controversial.
tion. Cells of EGL produce only granule neurons in Golgi interneurons originate from the same area as the the IGL. Purkinje cells and migrate into the IGL in late gestation (Uzman, 1960; Miale and Sidman, 1961) . However, the Results neuroepithelium at the roof of the fourth ventricle is no longer in a proliferative state after birth, whereas the Proliferating Cells in the Cerebellar WM Give Rise EGL still is (Miale and Sidman, 1961) . Thus, the basket to Cortical Interneurons and stellate interneurons generated during the first two
We initially injected BAG retrovirus stereotactically into deep cerebellar WM of P4/5 rat (Figure 1 ), according to postnatal weeks have been traditionally thought to be This is a drawing of an aldehyde-fixed parasagittal section obtained from a P5 rat sacrificed immediately after a stereotactic injection of 0.2 microliter of trypan blue, using the same coordinates as those employed for BAG injection. The grouped spots represent several light-blue-stained cells in the WM around the injection site. The dotted line represents the path of the micropipette. this time (Heinsen, 1977) , which allowed us to inject into erating cells 2 dpi were revealed by X-Gal staining and appeared as simple unipolar cells that resided mostly in WM (Ͼ90% per section) in several folia (Figure 2) . A majority of the labeled cells still resided in WM and few cells with a similar immature morphology were also appeared immature. Similarly, many of the labeled cells found in the IGL, the Purkinje cell layer (PCL), and the in the ML were unipolar and either radially or horizontally ML. No labeled cells were found in the EGL or in the oriented ( Figure 3B ). However, some cells were bipolar subependymal layer located at the roof of the fourth or bore several thin processes and fine branches (Figventricle. No obvious cerebellar tissue damage due to ures 3C and 4A), suggesting initial differentiation during the BAG injection was observed (see comments in Exthis period of time. No labeled EGL cells or granule cells perimental Procedures).
were found. From 4 to 6 dpi, more labeled cells had appeared in
The labeled cells in the ML became more complex the ML, PCL, and IGL (Figures 3 and 4A) , although the by 8-10 dpi ( Figure 4B ). A few unipolar cells were still observed during this stage. The labeled cells were found in both upper and lower portion of the ML in several folia. Many cells had medium-sized cell bodies and processes, which extended in several directions ( Figure  4B ). A few of the cells were situated near the PCL and displayed both processes that projected to the pial surface and other lateral processes that projected along the PCL ( Figure 4B ). These cells probably represent immature basket interneurons, since they show essential morphological features of well-defined basket cells at 20 dpi (see below). Although many cells in the ML had a neuronal morphology ( Figure 4B ), it was difficult to identify the types of these cells based on their morphologies. By 20 dpi, clearly recognizable neuronal forms had emerged in the ML (Figures 4C-4E ; Figure 5 ), and the (Altman, 1972; Rakic, 1972 , 1976; Oertel et al., 1981) . To confirm that the labeled cells in the ML were interneurons, we performed double all directions, but mainly toward the pial surface. A thin lateral process that emerged from the parikaryon sent immunofluorescence staining with antibodies against ␤-gal and GAD, the enzyme that specifically expressed secondary or tertiary branches into the PCL and formed ''baskets'' around Purkinje cells (Figures 4E, 5B, and in GABAergic neurons (Patel et al., 1985) . Approximately half of the ␤-gal-positive cells in the ML were GAD posi-5D). Some cells in the middle or upper aspects of the ML scattered irregularly and displayed the morphological tive ( Figure 6 ). They bore several processes and resided in upper, middle, and lower portions of the ML. features of stellate cells, with relatively small cell bodies and fewer shorter processes projecting both toward the Besides these interneurons in the ML and IGL, a variety of glia including oligodendrocytes, Bergmann glia, pia and toward the PCL (Figures 4C and 5C ). Occasionally, cells with a Golgi appearance were observed in the velate astrocytes of the IGL, and astrocytes in WM were also clearly identified by their morphologies in their ap-IGL. These cells displayed relatively large perikarya and several processes oriented in different directions. The propriate layers (see Figure 5A ). Thus, glial cells are also generated from dividing progenitors in the deep processes penetrated through the PCL into the ML and to the pial surface ( Figures 4D and 5E ). Purkinje cells, cerebellar WM. A more detailed study on the migration and maturation of glia will be reported separately (L. as well as neurons in deep cerebellar nuclei, which are generated and migrate embryonically (Altman and Zhang and J. E. Goldman, unpublished data). Bayer, 1978; Jacobson, 1991) , were never labeled. Labeled granule neurons were also not found.
When BAG injections were performed at P14, labeled cells were initially observed with simple immature mor-
EGL Cells Give Rise Only to Granule Neurons
To determine directly whether cells of the EGL also give phology in the WM at 2 dpi. No basket, stellate, or other types of interneurons were detected in the ML by 17 rise to interneurons, we labeled dividing EGL cells at P5 by a superficial injection of BAG virus. By 2 dpi, labeled dpi, however (data not shown).
Four types of cells in the cerebellar cortex contain the cells of the EGL ( Figure 7A , thin arrow), spindle-shaped cells with radially oriented processes (characteristic of inhibitory transmitter ␥-aminobutyric acid (GABA) and its synthetic enzyme glutamate decarboxylase (GAD): migrating granule cells) in the EGL and ML ( Figure 7A , thick arrow), and cells within the IGL were all found Purkinje, basket, stellate, and Golgi cells (Hokfelt and Ljungdahl, 1972 cell bodies. The processes with the claw-shaped terminal ramification, typical of granule cells, were seen among some of the labeled cells. By 20 dpi, labeled cells were found only in the IGL ( Figure 7C ). Most of them displayed the characteristic claw-shaped terminal Discussion ramifications of mature granule cells ( Figure 7C , inset), as described previously (Eccles et al., 1967; Ramon y Interneurons Arise from Dividing Progenitors in the Deep Cerebellum Cajal, 1995). No basket and stellate cells or other interneurons were observed in the cerebellar cortex after
The most significant finding of this study is that the interneurons of the cerebellar cortex, such as basket, EGL injections. stellate, and Golgi cells, are derived from dividing neu-1965; Altman, 1966; Hinds, 1968; Hinds and Hinds, 1968; Luskin, 1993; Lois and Alvarez-Buylla, 1994) . ronal progenitors in the postnatal cerebellar WM. Imma-A variety of glia are also derived from the progenitors ture cells of the EGL produced only granule cells in the in the early postnatal rat cerebellar WM (see Figure 5A ). IGL and did not produce any interneurons. It has been
The population of immature cells we have labeled with difficult to distinguish clearly the origins of the various BAG therefore consists of cells that will eventually differcell types (both neurons and glia), owing to the dual entiate into interneurons, oligodendrocytes, and the vargerminal zones in the cerebellum. The BAG virus inious types of astrocytes. We do not yet know whether fected a small number of dividing cells in a restricted this progenitor population is composed of multipotent area in a relatively short period of time. These features cells able to give rise to both glia and interneurons or allowed us to label dividing progenitors in WM and in whether the neuronal progenitors are committed to a the EGL separately and to follow their migratory patterns neuronal fate. Several studies suggest the existence of and fates, thus providing an approach to identify clearly multipotential progenitors that can generate both neuthe origins of different cell types in the cerebellum.
rons and glial cells (Turner et al., 1990 ; Williams et al., The classic view that interneurons in the ML arise from 1991; ; the EGL has been challenged recently by quail-chick Nakafuku and Nakamura, 1995). If there are separate chimera studies (Hallonet et al., 1990 ; Hallonet and Le progenitors, they are likely to divide and possibly to Douarin, 1992) and EGL cell transplantation (Gao and migrate together. Hatten, 1994). Supportive findings have also been obtained from a different group also using quail-chick chimeras (Otero et al., 1993) and a recent study that shows Migration and Differentiation of the presence of basket and stellate cells in the mea/ Interneuron Progenitors mea mutant mouse, which has a significantly reduced
What is the source of these dividing progenitors that EGL and, therefore, a paucity of granule cells in the IGL appear in the deep WM, and what migratory route do the (Napieralski and Eisenman, 1993) . However, none of the progenitors take? Considering the facts that immature above studies shed light on the time of origin, site of progenitors are initially found mainly in the WM and origin, and migratory paths of these interneurons. By subsequently in the cortex and that the EGL produced using thymidine dating experiments in the chick, Hanaonly granule cells in IGL, it seems most likely that inway (1968) suggested that all the interneurons of the terneuron progenitors originate in the germinal zone at ML are derived from the primary neuroepithelium, but the base of the cerebellum, in the roof of the fourth such a conclusion has not been drawn for the mammaventricle, and from there migrate into WM and then into lian cerebellum, because the basket and stellate cells cerebellar cortex. Such a migratory path has been sugformed at a time when the proliferative activity in the gested for cerebellar oligodendrocytes (LeVine and primary germinal zone has already ceased (Miale and Goldman, 1988; Reynolds and Wilkin, 1988; Warrington Sidman, 1961; Altman 1972) . Our study thus extends and Pfeiffer, 1992; Gonye et al., 1994) . earlier findings by demonstrating that postnatally generHow long the progenitors of interneurons remain in ated interneurons are not derived from the primary gerthe WM after they leave the germinal zone is unknown. minal zone directly, but rather from dividing neuronal We observed that labeled progenitors remained mainly progenitors in the early postnatal cerebellar WM. Asin the WM from 1-3 dpi (e.g., Figure 2) , and the majority suming that these cells arise from the ventricular zone, of the cells were still in the WM between 4-6 dpi and they must migrate into deep WM and continue to divide remained immature (see Figure 3) . It seems that a large there until they eventually reach the ML (see below).
number of the immature cells of the early postnatal rat 3 H-thymidine labeling studies have described immacerebellum remain in the WM for a short period of time ture, dividing cells in the deep WM in the postnatal (at least ‫2ف‬ days) before they migrate out of the WM cerebellum (Uzman, 1960; Miale and Sidman, 1961; Fu- into the IGL, PCL, and ML. It is possible that progenitors jita et al., 1966). The dividing cells in WM have been migrate into WM at an earlier time and remain there as thought to represent immature glia, rather than neurons, a dividing population until an appropriate later time to for two reasons. First, glial cells can continue to divide colonize the cortex. after they migrate out of the germinal zone, and some of Most of the progenitors of interneurons appear as them retain such capability throughout life (Allen, 1912;  simple unipolar cells as they migrate from the WM into Smart and Leblond, 1961; Altman, 1972) . Second, it has the cerebellar cortex (e.g., Figure 3 ). They retain this been a general rule that neuronal progenitors become morphology until they arrive at the ML. There, they unpostmitotic before they migrate out of germinal zones dergo a series of morphological transformations that (His, 1904; Sauer, 1935; Sauer and Walker, 1959; Jacob- culminate in the mature interneuron. The BAG-labeled son, 1991). In this study, we have confirmed that cerebelcells follow the sequence of morphological changes lar glial cells indeed originate from progenitors in cerethrough which interneurons pass in the ML, as described bellar WM. However, our observations also demonstrate by S. Ramon y Cajal and others (summarized in Rakic, the existence of dividing neuronal progenitors that even-1972) : from initially simple bipolar cells oriented parallel tually give rise to interneurons of cerebellar cortex in the to the pial surface, to more complex process-bearing same area. Migration of dividing neuronal progenitors is cells, to fully developed neurons. The early unipolar an exception to the general rule, although the genesis forms were not initially described, perhaps because for of neurons in nongerminal zones can also be found in some reason cells in such an immature stage do not the olfactory bulb and hippocampal dentate gyrus of acquire the Golgi impregnation or did not show specific morphological features that would allow identification. postnatal rodents (Altman and Das, 1965 ; Angevine,
The migratory interneuron progenitors must move
In conclusion, retroviral labeling of dividing progenitors demonstrates that mitotic neuronal progenitors exthrough the IGL and PCL before entering the ML. We ist in the early postnatal rat cerebellar WM and migrate do not know whether this travel is directed by specific through the postnatal rat cerebellar WM into cortex besubstrates, such as axonal pathways, for example. Once fore they differentiate into a variety of cortical interneuin the PCL, progenitors may ascend into the ML along rons. Cells of the EGL produce only granule cells in Bergmann glial processes. Although granule neurons the IGL. from the EGL migrate along Bergmann glial fibers into the IGL (Rakic, 1971 (Rakic, , 1972 , neurons can migrate along Experimental Procedures radial fibers bidirectionally, at least in vitro (Edmondson and Hatten, 1987; Hatten, 1990) . Thus, Bergmann glia
BAG Injection
may not confer a directionality of migration, but rather BAG retrovirus was collected as described previously (Levison and serve as a permissive track; migrating cells will move Goldman, 1993) . Sprague-Dawley rats at postnatal day 4/5 (day of in the direction in which they begin until they reach a birth ϭ P0) were anesthetized on ice for 7 min prior to the surgery. After the skin over the head was cleaned with 70% ethanol, a 0.5-1 ''stop'' signal. Once in the ML, interneuron progenitors cm long V-shaped incision was made on the skin over the occipital encounter parallel fibers. This encounter provides a mabone. Animals were placed on a stereotactic device (David Kopf jor determinant of interneuron differentiation (Rakic, Instruments, Tujunga, CA) attached with a vertical holder for a Hamil-1972).
ton syringe and kept cold with ice packs. The muscles overlying the The rodent cerebellar ML is a narrow band, and it is cisterna magna were cut and gently pulled aside. A 10 l Hamilton microliter syringe (Hamilton Co., Whittier, CA) attached to a pulledthus difficult to draw conclusions about specific seglass micropipette was filled with stock BAG retrovirus and lowered quences of colonization and differentiation of interneugently through an incision (2 mm lateral from midline) and through rons therein. However, in the primate ML, interneuron the meninges to a depth of 0.8 mm into the deep cerebellum. Over differentiation proceeds from the PCL toward the EGL 5 min, 1 l of stock virus (1 ϫ 10 5 cfu/ml) was injected (see Figure (Rakic, 1972 (Rakic, , 1973 progressively migrating neuroblasts colonize more suonstrated that the virus is not incorporated into microglia or macroperficial positions (Sidman et al., 1959; Uzman, 1960;  phages (Zerlin et al., 1995) . Furthermore, there is no increased cell Angevine and Sidman, 1961; Bayer and Altman, 1987) . gan by 4-6 dpi, and some morphological identifiable
X-Gal Histochemical Staining
immature basket cells were observed around 8-10 dpi Animals (at least 5 animals per data point) at 2, 5, and 20 dpi were (see Figure 4B ). Many well-defined interneurons were anesthetized by intraperitoneal injection of Ketamine/Xylazine mix observed at 20 dpi (Figures 4C-E; Figure 5 ). Thus, most (0.25 mg/kg; Henry Schein Pharmaceutical, Port Washington, NY) of the labeled interneuron progenitors differentiate and were perfused through the left cardiac ventricle with normal within two to four postnatal weeks. Unlike a previous saline containing 6 U/ml heparin for 5 min followed by 3% paraformaldehyde in 0.2 M phosphate-buffered saline (PBS, pH 7.3) for 15-20
